The DNA sequence of the gdhA gene of Escherichia coli K12, which encodes the 447 amino acid polypeptide subunit of NADP-speciflc glutamate dehydrogenase, is presented. The deduced protein sequence is strongly homologous to the corresponding enzyme of the eukaryotic fungus Neurospora crasBa. The upstream DNA sequence includes several overlapping promoter consensus sequences. The downstream DNA sequence contains inverted repeats, predicted as forming long stable stem-loop structures in RNA, homologous to those found in several enterobacterial intergenic regions.
INTRODUCTION
The gdhA gene of Escherichia coli K12 encodes NADP-specific glutamate dehydrogenase (EC 1.4.1.4). This enzyme catalyses the reductive amination of 2-oxoglutarate to L-glutamate using NH^ as nitrogen donor and NADPH as reducing power and is a major enzyme of NH. assimilation widely distributed in prokaryotlc and eukaryotic microorganisms [1] [2] [3] . NADP-specif ic glutamate dehydrogenases are hexameric proteins composed of identical subunits each of molecular weight approximately 48,000. The enzyme from the ascomycete fungus Seurospora crassa has been completely sequenced [4] and thoroughly studied physicochemically [5, and references therein] . Enterobacterial NADP-specific glutamate dehydrogenases are very similar to this fungal enzyme in enzymological properties and sequence [3, [6] [7] [8] , reflecting a strong conservation of enzyme structure.
Little is known about the structure and regulation of genes encoding glutamate dehydrogenases. Detailed study of enterobacterial gdhA genes at the sequence level is required to investigate the interesting differences, found for example between E^ coli and Klebsiella aerogenes [9, 10] , in the nitrogen metabolite regulation of these genes. The E^ coli gdhA gene has been cloned in several laboratories [8, 11, 12] and has been used in a biotechnologlcal application [11] to increase the energy efficiency of the conversion of methanol to single cell protein by the bacterium Methylophilus methylotrophus.
The E^ coll gdhA gene was Introduced on a broad host range plasmld for expression In the methylotroph and replaced the Intrinsic ATP-requlrlng coupled glutamine synthetase/glutanate synthase pathway of glutamate synthesis [11] . We report here the DNA sequence of the E. coll gdhA gene and flanking regions, the deduced protein sequence, and the complex nature of the probable promoter.
METHODS
Source and preparation of DNA Plasmld pBGl [8] (consisting of a 6.8kb insert of E. coll chromosomal DNA, Including the gdhA gene, in pACYC184) was purified by the alkaline/SDS method [13] followed by CsCl centrlfugation. Restriction fragments of this plasmid used for cloning Into M13 for sequencing or for transcription jLri vitro were purified following preparative agarose gel electrophoresis either by phenol extraction (low melting point agarose gels) [14] or electroelution [15] , and were phenol extracted, ether extracted and ethanol precipitated before further manipulation.
Strategy for cloning into M13 and sequencing directions. M13 vectors and methods for their manipulation using E. coll strains JM101 and JM103 were as described [17] [18] [19] . Plaque hybridization was essentially as described for bacteriophage lambda [20] except that for M13 0.4Z agar was used in the overlay and the amplification step was omitted.
Hybridization probes were constructed by limited primed synthesis from a synthetic 17-mer primer [21] using single stranded DNA of M13 clones as template. DNA sequences were determined by the dideoxy method [14] using the same primer [21] . Gel readings were overlapped and analysed mainly manually, by exploiting the strong homology of the E. coli and I^_ crassa glutamate dehydrogenase sequences, and also with the aid of computer programs [22] [23] [24] .
Purification of glutamate dehydrogenase and amlno terminal sequencing NADP-specific glutamate dehydrogenase was purified from an Is^ coli strain (CLR207 recA carrying plasmid pBGl [8] ) in which the enzyme is overproduced approximately 10-fold as the product of the plasmid-borne gdhA gene. After disruption by sonication of cells grown on minimal medium lacking L-glutamate, the purification method was essentially as used previously for the Neurospora NADP-specif ic glutamate dehydrogenase [27] including a final step of affinity chromatography on procion-red sepharose [5] . The E. coli enzyme requires a higher salt concentration (0.3M NaCl) for elution from the DEAE-Sephacel column than does the J^ crassa equivalent, but otherwise these two enzymes behave the same in all steps, and the criteria of purity of the Ej_ coll enzyme were as previously described [27, 5) . The amlno-terminal sequence of a 50 nmole sample of the pure polypeptlde was determined using a Beckraan spinning cup sequencer (SERC protein sequencing service, University of Leeds) with HPLC identification of the derivatized anilinothiazolinones released at each round of Edman degradation.
RESULTS AND DISCUSSION
DNA and protein sequence Figure 2 shows the sequence of 1659 nucleotides consisting of 72 nucleotides upstream of the ATG initiator of the gdhA coding sequence, 1341 nucleotides encoding the 447 amino acids of NADP-specific glutamate dehydrogenase and 246 nucleotides downstream of this coding sequence. All parts of the sequence were covered by at least two clones (Fig.l) and both strands were sequenced throughout, leaving no ambiguities. The automated amino-terminal amino acid sequencing of NADP-speciflc glutamate dehydrogenaae gave Met-Asp-Gln-Thr-Tyr-Ser-Leu-Glu-Ser-Phe-Leu-Asn-His-Val-Gln-Lya-Arg-AspPro-Asn-Gln-X-Glu-Phe-Ala-Gln-Ala-Val-Arg-Glu-Val-Met-X-X-Leu-Trp, in complete agreement with the first 36 amino acids of the protein predicted from the DNA sequence. The missing residues (-X-at amino acids 22, 33 and 34) are all predicted as threonlnes which would have been mostly destroyed during derivatization at the later stages of the Edman degradation. This amino acid sequence unambiguously defines the start of the gdhA coding sequence. The termination codon TAA at nucleotides 1414-1416 is followed by a second termination codon, TGA, in phase at nucleotides 1429-1431.
Comparison with other glutamate dehydrogenase sequences Figure 3 shows the alignment of the deduced amino acid sequence of ^_ coli NADP-specific glutamate dehydrogenase with the amino acid sequence of the Neurospora crassa NADP-specific enzyme [4] . There is clearly strong homology, 253 identical amino acids out of 428 compared (59Z), ignoring gaps in the alignment. This comparison of prokaryotic and eukaryotic sequences confirms that NADP-specific glutamate dehydrogenases are a very strongly conserved family [3, 6, 8] . This reinforces the idea, previously based on comparative sequences of vertebrate mitochondrial glutamate dehydrogenases of "dual 
(N)
• specificity" (able to utilise either NAD or NADP) [28] [29] [30] , that glutamate dehydrogenases are amongst the most conserved of enzymes in sequence. Homology is greater within each of the glutamate dehydrogenase families (NADP-specific or "dual specificity") than between these families, suggesting that genes encoding the different classes of glutamate dehydrogenases diverged from each other very early in cellular evolution before the emergence of a separate eukaryotic line [8] .
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The regions of strong homology are non-unlformly distributed through the polypeptide chain. The strongest conservation is in the region (amino acids 57 to 175 of the E. coli sequence) probably involved in binding of dicarboxylate substrates, catalytic activity and in allosteric Interactions. These functional assignments are supported by chemical modification and mutational studies summarised in [5, [29] [30] [31] [32] . This region shows 94 amino acid identities out of 119 or 79Z identity. DNA probes prepared from this region of the Eĉ oli gdhA gene cross hybridize at low stringency with genomic DNA sequences known or presumed to encode glutamate dehydrogenases from a wide range of prokaryotic and eukaryotic microorganisms (including N^ craasa) and some rlbosomal RNA) and also the sequence GGUUUUA (Fig.2) . The latter sequence Is Implicated In ribosome binding by experiments using synthetic ribosome binding sites [35] in which the proposed recognition sequence for rlbosomal protein SI (PuPuUUUPuPu) was shown to Increase the efficiency of translational initiation.
Analysis of the DNA sequence downstream from the gdhA coding region revealed a sequence (nucleotides 1494-1525) predicted as a rho-independent transcription terminator [36] . A G-C rich region potentially capable of forming a short hairpin-loop structure (&G-17kcal/mol; calculated according to Borer ej^ al^ [37] ) Is followed by a run of A's (4) and T's (3). More extensive highly stable secondary structures could be formed by transcripts of this presumed terminator region. A longer inverted repeat, predicted as forming a very stable stem-loop structure in RNA (&G approx. -50kcal/mol), nucleotides 1426 to 1518, is strongly homologous in both sequence and possible alternative secondary structures to those found by Hlggins et^ al. [38] in the histldine transport and the histidine biosynthetic operons of Salmonella typhlmurlum and in the malK-lamB operon and following the trpR gene of Eĉ oll. Similar sequences have also been located following the glyA, glnS and fol genes of E. coll [39] . It has been suggested [38] that members of this family of long inverted repeats are intercistronlc elements that function to reduce the expression of downstream genes, possibly as RNase processing sites in polycistronic mRNA. However the elements following gdhA, glyA, glnS, fol and trpR are apparently not "lntercistronic" in that downstream genes are not known to be cotranscribed. Thus the role of these lntergenic elements remains uncertain and it is perhaps significant that the long stem-loop downstream of gdhA would form the 3'-end of the putative gdhA mRNA and that its downstream arm could apparently form a rho-independent terminator structure. Our experiments on the role of this complex region downstream of the gdhA gene will be reported separately.
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